Introduction
Despite steady advances in iron chelation, iron-mediated cardiotoxicity remains a leading problem in thalassemia major. Cardiac iron loading occurs through non-specific transport of non-transferrin bound iron species. 1 Labile plasma iron (LPI) represents a redox active form of non-transferrin bound iron that is chelatable, making it potentially available for transport into extrahepatic tissues. LPI can be accurately and reproducibly assayed by fluorescent methods. 2, 3 Chronic control of circulating LPI is an important goal for iron chelation therapy in order to prevent oxidative damage 4, 5 and to lower the risk of extrahepatic organ dysfunction 6 . Intuitively, serial LPI measurements may provide more information regarding response of extrahepatic iron stores than measurements of serum ferritin or liver iron, 7 although LPI levels might more closely reflect efficacy of primary prevention than removal of established iron stores.
In April 2010, we reported the cardiac efficacy of deferasirox monotherapy for 18 months in heavily iron overloaded thalassemia major patients. 8 In that study, initial liver iron concentration (LIC) and serum ferritin strongly predicted cardiac iron response to therapy. We suggested initial iron stores were most likely surrogates for drug compliance as well as surrogates for increased LPI. Here, we report labile plasma iron results from this trial (CICL670AUS04) and their relationship to cardiac and liver iron stores.
Design and Methods
The US04 trial was a multicenter, open-label, single arm trial of deferasirox monotherapy (30-40 mg/kg/day) for 18 months in 28 subjects (NCT00447694). The study was approved by the Institutional Review Board at all participating institutions. All patients were required to have MRI evidence of cardiac iron (T2* <20 ms) with normal cardiac function at baseline. Liver iron, cardiac T2*, and cardiac function were measured at baseline, six months, 12 months, and 18 months; serum ferritin was measured at each transfusion visit. Favorable cardiac response to iron chelation therapy was an improvement in cardiac T2* of more than 14.7% (the 95% confidence interval for a single MRI measurement) at 18 months; all patients who failed to complete the trial were scored as non-responders. Complete details of methods used may be found elsewhere. 8 Serum labile plasma iron (LPI) was assessed at baseline, 25 weeks, and 49 weeks, using a central laboratory (Afferix Limited, Rehovot, Israel); studies were part of the original study design and not a retrospective analysis. Samples were drawn in the morning and iron chelation was held until after the blood draw. Upper limit of normal for the LPI assay was 0.5 umol/L, with a lower limit of detection of 0.1 umol/L. The ability of initial LIC to predict increased LPI and cardiac response was assessed by logistic regression and receiver operator characteristic (ROC) analysis. All statistics were performed in JMP5.1 (SAS, Cary, NC, USA).
Results and Discussion
The patient population was severely iron-loaded at baseline with a mean LIC of 20.3±3.0, serum ferritin 4417±669 ng/mL (394-16,249) and cardiac T2* (geometric mean) of 8.6±1.1 ms (1.8-16.1). Twenty-two patients completed the trial. Cardiac response to iron chelation was bimodal, determined primarily by initial iron burden. Responders had initial LICs of 10.5±5.8 mg/g dry weight compared with 29.2±4.5 mg/g dry weight in non-responders (P<0.0001).
LPI was successfully obtained in 24 patients at baseline, 23 patients at six months, and 20 patients at 12 months. A summary of data is shown in Figure 1 . In cardiac responders, LPI was 0.39±0.70 umol/L at baseline, declined to 0.04±0.12 umol/L at six months and remained low at 12 months; all responders had normal LPI levels (<0.5 umol/L) at six and 12 months. These changes were not statistically significant (P=0.09 and 0.58, respectively) because initial LPI was already in the normal range in 9 of 13 responders at baseline. In non-responders, baseline LPI was within the normal range in 6 of 12 subjects. Average LPI levels were higher than for responders at all three time points but only achieved statistical significance at six months (P=0.08, 0.015, and 0.21 respectively). However, LPI remained outside the normal range in 43% of nonresponders at six and 12 months compared with 0% of the responders.
Using logistic regression, the risk of detectable LPI and poor cardiac response exhibited graded risk with LIC (Figure 2A ), P<0.002, rising sharply as LIC exceeded 10 mg/g. Figure 2B shows LPI levels (vertical axis) and cardiac response (open and closed symbols) as functions of initial LIC. Vertical lines depict the discriminators calculated from ROC analysis (see below).
By receiver operator characteristic curve (ROC) analysis, initial LIC was a strong predictor of abnormal LPI and cardiac response, with an area under the ROC curve of 0.83 and 0.84, respectively ( Figure 3 ). As shown in Figure 3A , the risk of detectable LPI increases sharply for LIC greater than 14.1 mg/g with an optimal LIC discriminator (best balance of sensitivity and specificity) of 17.6 mg/g. As shown in Figure 3B , all patients with liver iron greater than 18.3 did not reduce their cardiac iron over 18 months. One patient with an LIC less than 18.3 also failed to respond and 2 others did not complete the trial, accounting for the imperfect specificity of LIC in predicting response. To put this in perspective, the AUROCs for change in liver iron or ferritin over 18 months were 0.87 and 0.85, respectively, but the 5 patients who failed to complete the trial were excluded (improving prediction). Similarly, using 18-month LIC as a predictor yielded an AUROC of 0.94 with an optimal cut off of 17 mg/g dry weight.
Since extrahepatic iron loading occurs through unregulated transport of non-transferrin bound iron species, labile plasma iron measurements are potentially attractive metrics for iron chelation therapy. 1, 5, 7, 9 In our study, elevat-haematologica | 2011; 96(7) ed LPI levels at six and twelve months were only observed in non-responders (43% of non-responders) making them a reasonable negative prognostic marker. However, LPI suppression did not guarantee cardiac response. In fact, 40% of the patients who had clinically significant cardiac T2* worsening on deferasirox had undetectable LPI for all three measurements, making it dangerous to rely exclusively on these measurements. The most likely explanation is that LPI measurements are short-term surrogates of chelation compliance and cardiac risk, having a time-scale of days. Thus even a generally non-compliant patient may have acceptable serum LPI values during check-ups if he or she remembers to take their deferasirox the day before the medical appointment. In contrast, LIC measurements reflect a longer horizon of chelation compliance. They also convey risk for elevated LPI for all the other days of the year when a chelator is not being taken. 7, [10] [11] [12] [13] LPI measurements also have several other limitations. Patients must withhold chelation on the morning of the exam; this is not always easy to achieve in a busy clinical practice. Plasma must be quickly separated and shipped on dry ice to Israel. There is also no universal agreement among techniques to assay labile iron and no "optimal" method.
14 However, promising new methods are under development that may overcome some of these challenges.
Although others have described the sharp increase in LPI with LIC, we can only speculate about the mechanisms. 7, 12 The liver is the predominant sink for circulating LPI and the source of the iron counter regulatory hormone, hepcidin. Liver damage, including increased transaminases and fibrosis, increase sharply for hepatic iron levels in the 15-20 mg/g range. 15 We hypothesize that decreased hepatic scavenging of LPI and impaired hepcidin production, produced by iron toxicity to hepatocytes, may represent the causal link between cardiac risk and severe hepatic iron overload. 11, 13, 16 However, two caveats must be attached to this model. First, significant LPI was present in a few patients having lower LICs, consistent with development of cardiac iron overload in some patients. 17, 18 Secondly, development of cardiac iron represents a combination of intrinsic risk and chelation use, 11, 19 making compliance critically important. 19 Carefully controlled studies will need to be performed to test these hypotheses.
In summary, chelation compliance is the strongest predictor of cardiac response to iron chelation, 19 but penalties for non-compliance appear to increase in patients with severe hepatic siderosis 11, 12 through chronic exposure to increased labile plasma iron. The relationships between increased LIC, LPI, and cardiac risk are graded, but appear to increase dramatically as liver iron exceeds 10 mg/g, consistent with prior observations. 11, 13, 16 Persistent elevations of LIC and/or LPI appear to have negative prognostic value but neither a declining LIC nor suppression of LPI guarantees a favorable cardiac response to chelation therapy. 8, 17 Hence, vigilance for extrahepatic iron deposition is necessary, even in patients with apparently adequate control of somatic iron stores. (7) 1057 
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